Red rice has demonstrated several biological properties including anti-oxidant and anti-inflammation properties. However, the anti-photoaging activity has not yet been investigated. The aim of this study relates to the photo-protective effects of red rice extract (RRE) on UVB-induced skin aging. RRE was prepared and the active compounds and anti-oxidant activity were determined. The cytotoxicity of fibroblasts and secretions of IL-6 and IL-8 were evaluated. The effects of RRE on collagen and hyaluronic acid (HA) synthesis from fibroblasts were evaluated. Then, the collagenase and MMP-2 activity was determined. The effect of RRE on UV-induced MMP-1, nuclear factor kappa B (NF-B), activator protein-1 (AP-1) and phosphorylation of MAPK protein expression was determined by western blot analysis. The RRE exerted a free radical scavenging property. RRE significantly increased collagen and HA synthesis in UVB-irradiated human fibroblasts. Moreover, RRE significantly inhibited UVB induced MMP-1 expression, MMP-2 and collagenase activity. Upon UVB irradiation, mitogen activated protein kinases (MAPKs) is activated and this pathway stimulates the expression of interleukin-6 and-8 (IL-6 and-8). Our results show that RRE decreases UVB-induced IL-6 and -8 production and the phosphorylation of c-Jun NH2terminal kinase (JNK) and the p38 MAPK signaling process. In addition, RRE reduced UVB-induced activation of NF-B and AP-1. RRE could suppress UV-induced inflammation and skin aging via the inhibition of the MAPK signaling pathway leading to the decrease of NF-B and AP-1 activation resulting in a decrease in ECM degradation and an increase in ECM synthesis.
Skin aging is affected by both intrinsic and extrinsic factors [1] . While intrinsic aging is influenced by the passage of time, extrinsic aging in induced by environmental factors including ultraviolet B (UVB) light. Extrinsic aging through UVB irradiation is referred to as photoaging [1] . Photoaging due to exposure to UVB (280-320 nm) is characterized by skin wrinkles, laxity, dryness, roughness and hyper pigmentation [2] . The process underlying these features involves alteration in the composition of the dermal extracellular matrix (ECM), inflammation, and connective tissue alteration [3] . UVB has been shown to stimulate the generation of reactive oxygen species (ROS) leading to oxidative stress and subsequently skin damage [4] . Moreover, upregulation of transcription factors such as nuclear factor kappa B (NF-B) and activator protein 1 (AP-1) have been found to be present in UVB treated cells [5] . The abovementioned effects lead to the breakdown of ECM as well as the induction of inflammation cytokine production.
Dermal extracellular matrix is composed of collagen, elastin, fibronectin, gelatin and glycosaminoglycan [3] . Collagen is the major structural protein in the skin connective tissue. It is synthesized from the skin's dermal fibroblast and is responsible for conferring the strength and elasticity of the skin. Moreover, hyaluronic acid (HA) is a major glycosaminoglycan that is widely distributed in connective tissue. In the dermis, HA is responsible for regulating skin moisture and maintaining cell structure by utilizing its high water retention and viscosity. These points indicate that HA is an important substance in maintaining healthy skin. However, the breakdown in the balance of the synthesis and degradation of ECM by UVB irradiation leads to the aging of the skin. Importantly, several investigations have described the deficiency of collagen in photoaged skin due to an inhibition of synthesis and the stimulation of the degradation of enzymes including matrix metalloproteinases (MMPs) [3] .
Among the MMPs, MMP-1, MMP-2 and MMP-9 are the main enzymes responsible for dermal ECM degradation [6a] . MMPs are known to be over-expressed in skin fibroblast after UVB inducement and are considered key regulators in the photoaging process [6b] . Therefore, agents that decrease the production of MMPs and increase the synthesis of ECM are currently being considered for the prevention and treatment of skin aging. In addition to the MMPs, UVB stimulates the expression of inflammatory cytokines, such as IL-1, IL-6 and IL-8, leading to skin inflammation. UVB also stimulates the activation of the surface receptor for IL-6, which is correlated with MMP-1 [6c]. The activation of the mitogen-activated protein kinases (MAPKs) pathway plays an essential role in UVB-induced skin aging [7] . UVB irradiation induced the phosphorylation of three MAPKs proteins including extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK) and p38 [8a, 8b] . This signaling pathway in turn activates a variety of transcription factors including nuclear factor kappa B (NF-B) and activator protein-1 (AP-1), which coordinate the induction of inflammatory cytokines and MMPs [9] .
Pigmented rice, such as red and black rice, has demonstrated several note-worthy biological properties including anti-oxidant, antiinflammation [10a, 10b] and anti-cancer activities [11a, 11b] . The anti-oxidant activity of red rice has been mediated by tocotrienols, tocopherols, -oryzanol, phenolic compounds, and proanthocyanidin. Our previous study indicated that Red rice extract (RRE) inhibited cancer cell invasion via inhibited MMPs activity and production [11a] . Moreover, proanthocyanidin in red rice reduced breast cancer invasion via the modulation of NF-B activity [11b]. However, the biological effect and molecular mechanism of red rice on anti-photoaging activity has not yet been reported on. This study was performed to investigate the effect of RRE on the production of MMP-1, inflammatory cytokines, and collagen production in UVB-irradiation human fibroblasts and to determine their underlying mechanisms.
The results from Table 1 indicate that RRE had a high content of phenolic compounds (144 ± 6.01 mg/g), flavonoids (88.44 ± 5.07 mg/g) and proanthocyanidin (80.92 ± 8.09 mg/g), while a low concentration level of -oryzanol (1.84 ± 0.01 mg/g) was detected. In contrast, anthocyanin, tocopherols, and tocotrienols were undetectable in red rice extract. The phenolic compounds in RRE were further identified by HPLC. Table 2 , RRE had a high content of catechins followed by vanillic acid, chlorogenic acid and protocatechuic acid. Trace amounts of coumaric and ferulic acid were found, whereas gallic acid was not detectable. The free radical scavenging activity of RRE was then examined by DPPH assay. RRE exhibited a scavenging activity of 75% at 200 g/mL. At 50 g/mL of the extract, the radical scavenging activity was still approximately 30% and the IC 50 of RRE was recorded at 80 g/mL. This finding indicates that RRE is a potent antioxidant ( Figure 1 ).
Figure 1:
Free radical scavenging activity of RRE was determined using DPPH assay. 1 mL of 0.002% of DPPH was added to 1 mL of RRE solution and the solution kept in the dark for 30 min. Absorbance was measured at 517 nm using a spectrophotometer. Percent inhibition of DPPH activity was calculated and compared with standard vitamin E. All assays have been demonstrated in triplicate and the mean ± standard deviations are shown as **p<0.01 or ***p<0.001 versus the control.
To test the cytotoxicity of RRE in fibroblasts, cells were treated with various concentrations of RRE (0-150 g/mL) and cell viability was measured using the SRB assay. The cell viabilities of various concentrations of RRE were similar to that of the control group either in the absence or presence of the UVB exposure, while the viability of the fibroblasts exposed to UVB at 25 mJ/cm 2 had no deleterious effect ( Figure 2 ).
Figure 2:
Effect of RRE on the growth of fibroblasts exposed to UVB radiation at 25 mJ/cm 2 for 5 sec using ultraviolet crosslinker (CL-1000). All assays have been demonstrated in triplicate and the mean ± standard deviations.
To investigate the effect of RRE on collagen synthesis in UVB radiated fibroblasts, the level of collagen was investigated using Sirius Red Collagen Staining Kit. The cells were exposed to UVB (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and incubated in the presence and absence of various concentrations of RRE for 48 h and the amount of collagen in the cells was determined. The collagen synthesis by fibroblasts became significantly decreased after UVB-irradiation. However, the level of collagen was restored in UVB-irradiated fibroblasts in the presence of RRE in a concentration dependent manner ( Figure 3A ). Next, we evaluated the effect of RRE on HA synthesis in UVB-induced fibroblasts. The level of HA was decreased by UVB irradiation but was not significantly different when compared with non-UVB irradiation ( Figure 3B ). RRE stimulated HA synthesis in human fibroblasts in spite of the presence of UVB irradiation.
Figure 3:
Effect of RRE on collagen synthesis was determined by using a collagen kit. Fibroblasts were pre-treated in serum free medium for 24 h. The cells were exposed in the presence or absence of UVB irradiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and were further treated with or without various concentrations of RRE (0-100 g/mL) for 48 hours. The cells were then examined to determine the presence of collagen using Sirius Red Collagen dye (A). Fibroblasts were pre-treated in serum free medium for 6 h. The cells were exposed in the presence or absence of UVB irradiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and were further treated with or without various concentrations of RRE (0-100 g/mL) for 48 hours. The cultured medium was collected for ELISA and the absorbance was measured at 450 and 570 nm using a microplate reader (B). All assays have been demonstrated in triplicate and the mean ± standard deviations are shown as *p<0.05, **p<0.01, ***p<0.001 or ****p<0.0001 versus non-UVB or UVB induced fibroblasts.
MMPs are the important enzymes involved in ECM degradation during the process of skin aging. To determine whether RRE inhibits the expression of UVB-induced MMP-1, human fibroblasts were irradiated with UVB and then treated with RRE (0-100 g/mL). In the western blot analysis, it was indicated that the RRE decreased UVB-induced MMP-1 expression in a dose dependent manner ( Figure 4A ). Moreover, the inhibitory effects of RRE on MMP-2 and the collagenase activity were investigated using gelatin zymography and the fluorescein substrate. The results from gelatin zymography indicated that RRE reduced MMP-2 activity in a dose Figure 4 : Effect of RRE on the expression of MMP-1 in fibroblasts was determined using western blot analysis (A). MMP-1 expression was determined in the fibroblasts exposed to UVB radiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and were then treated with or without red rice extracts (0-100 g/mL). Relative densities were calculated as a ratio of MMP-1 expression to -actin levels. Effect of red rice extract on MMP-2 activity was determined using gelatin zymography (B). Fibroblasts were cultured in DMEM serum-free medium for 24 h and the culture supernatant was then collected. The culture supernatant was subjected to 10% polyacrylamide gels containing 0.1% w/v of gelatin under non-reducing conditions. The gels were incubated with or without various concentrations of red rice extract (0-200 g/mL). The effect of red rice extract on collagenase activity was determined using DQ gelatin substrate (C). Red rice extract (0-200 g/mL) was added in a 96-well-plate and 1 U/mL of collagenase was added to each well (100 L/well). After that, 10 g/mL of gelatin (DQ gelatin) was added and the preparations were incubated for 10 min. The rate of proteolysis was determined using a microplate reader at an excitation wavelength of 485 nm and an emission wavelength of 528 nm. All assays have been demonstrated in triplicate and the mean ± standard deviations are shown as **p<0.01, ***p<0.001 or ****p<0.0001 versus the non-treated cells. dependent manner with IC 50 at 50 g/mL ( Figure 4B ). On the other hand, RRE decreased collagenase activity in a dose dependent manner with IC 50 at less than 25 g/mL ( Figure 4C ).
Pro-inflammatory cytokines such as IL-6 and IL-8 were found to be up-regulated in UVB-induced skin aging cases and skin inflammatory diseases. Both cytokines mediated the production of COX-2 and CCL-27, which are related to skin inflammatory diseases and aging. To examine whether RRE could reduce IL-6 and IL-8 levels upon UVB exposure, the UVB-irradiated cells were treated with various concentrations of RRE and were then compared to the untreated cells. As a baseline observation, UVB irradiation was found to increase IL-6 and IL-8 production by 790% ( Fig. 5A ) and 400% ( Fig. 5B ), respectively, compared to the specimens that were unexposed to UVB. The RRE could inhibit UVB-induced IL-6 and IL-8 secretion dose dependently, and the levels of IL-6 and IL-8 were reduced to below the baseline after treatment with 150 g/mL of red rice extract.
The MAPKs signaling pathway is known to be activated by UVB and herein we sought to investigate the effect of RRE in this pathway. UVB did not change MAPKs expression (p38, JNK and ERK level), but it significantly activated the phosphorylation of MAPKs in human fibroblasts. The UVB irradiation at 25 mJ/cm 2 increased the phosphorylation of p38 and JNK as compared to the untreated cells ( Fig. 6A ). When fibroblasts were treated with RRE, it significantly reduced the UVB-induced phosphorylation of p38 and JNK in a dose dependent manner ( Fig. 6B and C) . In addition, the phosphorylation of ERK1/2 was also studied. The level of phosphorylation of ERK in UVB treated cells does not show any significant change when compared to the untreated cells. However, RRE reduced the phosphorylation of ERK1/2 in a dose dependent manner when compared with either the untreated or the UVBinduced cells (Fig. 6D) . These results clearly reveal that the RRE could inhibit the UVB-induced activation of the MAPKs signaling pathway. Figure 5 : The IL-6 and IL-8 secretion in the cultured medium was determined using an ELISA kit. The fibroblasts were exposed to UVB radiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and were then treated with or without various concentrations of RRE (0-150 g/mL) for 24 hours. The IL-6 (A) or IL-8 (B) in the cultured medium was measured at 540 nm using a microplate reader. All assays have been demonstrated in triplicate and the mean ± standard deviations are shown as *p<0.05 or **p<0.01 versus UVB induced fibroblasts.
Figure 6:
MAPK related protein (pERK, ERK, pp38, p38, pJNK and JNK) expression was determined in fibroblasts pre-treated with or without RRE (0-100 g/mL) and were further exposed to UVB radiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and were then incubated for 30 min (A). Relative protein levels of the MAPK phosphorylation form, including pJNK (B), pp38 (C), and pERK (D), were quantified by scanning densitometry and normalized to control the protein levels. All assays have been demonstrated in triplicate and the mean ± standard deviations are shown as *p<0.05, **p<0.01 ***p<0.001 or ****p<0.0001 versus UVB induced fibroblasts.
NF-B and AP-1 were implicated in the transcriptional regulation of UVB-induced skin aging genes including MMP-1, MMP-9, and inflammatory cytokines. To investigate the effect of RRE on NF-B and AP-1 activation, the levels of p65 (NF-B) and c-Jun (AP-1) in nuclear extracts were analyzed by western blot analysis. The expression of NF-B and AP-1 was increased in UVB-induced fibroblasts after being exposed to UVB radiation, whereas, after being treated with RRE (0-100 g/mL), NF-B and AP-1, translocation was clearly decreased ( Fig. 7 A, B and C) . These results suggested that RRE could inhibit NF-B and AP-1 translocation in UVB-induced fibroblasts.
Extrinsic aging can be largely attributed to photoaging, which is concerned with skin aging caused by UVB exposure [1] . UVB irradiation stimulates ROS production leading to excess degradation of ECM in the dermis. Recently a variety of naturally occurring agents, which have anti-aging effects, have been widely used in skin care products [12] . Crude extracts of plant materials that are rich in phenolic and flavonoid contents are of major interest in the cosmetic industry because of their antioxidant and antiinflammation activities. Pigmented rice including red rice have been Figure 7 : NF-B and c-Jun expression were determined in fibroblasts pre-treated with or without RRE (0-100 g/mL) and that were further exposed with UVB radiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and were then incubated for 30 min (A). Relative densities were calculated at a ratio of NF-B or c-Jun expression normalized to PARP levels (B and C). All assays have been demonstrated in triplicate and the mean ± standard deviations are shown as *p<0.05, **p<0.01 or ***p<0.001 versus UVB induced fibroblasts.
reported to possess antioxidant and anti-inflammatory properties due to their high proportions of phenolics, anthocyanin, and proanthocyanidin, -oryzanol, and vitamin E derivatives [10a] . In the present study, it was determined that RRE contains high amounts of proanthocyanidin and phenolic compounds including cathechin, chlorogenic, vanillic acid and protocatechuic acid. Moreover, the RRE had a high reducing capacity and showed a potent free radical scavenging.
UVB irradiation results in photoaging and induces ROS formation, which triggers complex signaling pathways including the overexpression of ECM degradation enzymes leading to excess degradation of ECM. Moreover, the impairment of ECM synthesis has been found to be associated with photoaging. During the skin aging process, MMP-1 is mainly responsible for the degradation of collagen type I which is the main dermal collagen, whereas MMP-2 is known to degrade type IV collagen, which is an important component of the base membrane of the skin dermal epidermal junction [13] . In addition to collagen, HA is an important glycosaminoglycan in the ECM of the dermis and is involved with the reduction of HA leading to skin dryness and a decrease in skin tension. Therefore, the agents that induce ECM synthesis and inhibit ECM degradation are ideal candidates for the prevention or treatment of photoaging. We found that RRE could restore collagen and HA synthesis in UVB-irradiated human skin fibroblasts. Moreover, the RRE inhibited UVB radiation induces MMP-1 expression. The RRE by itself could also reduce MMP-2 and collagenase activity in ex vivo studies. The active compound that inhibited collagenase and MMP-9 activity could be proanthocyanidin, which is mainly found in RRE as has been shown in previous reports [11b]. These results indicate that RRE induced ECM synthesis and inhibited UVB-induced ECM degradation via reduced MMPs expression and activity. On the other hand, RRE also reduced UVB-induced inflammatory cytokines including IL-6 and-8 expression indicating that RRE could reduce UV-induced inflammation.
MAPK signaling plays a central role in regulating cell proliferation, cell survival and skin aging [14] . In the photoaging process, MAPKs are the upstream regulators of MMPs and inflammatory cytokine expression. In this study, it was shown that the UVBinduced phosphorylation of p38 and JNK and RRE attenuated this activation. In contrast, UVB did not affect the phosphorylation of ERK1/2. This is in agreement with previous reports that suggest that p38 and JNK, but not ERK, are phosphorylated by the ROS that is induced by UVB [15] . These results clearly indicate that RRE is a potent blocker of p38 and the JNK MAPKs pathway in UVBirradiated human skin fibroblasts. Further, the downstream event such as the expression of MMP-1 is efficiently prevented by red rice extract.
The expression of ECM degradation enzymes such as MMP-1 and MMP-9 is regulated by the NF-B and AP-1 transcription factor. A good deal of evidence has demonstrated that the activation of MAPKs is involved in the upregulation of inflammatory mediators and MMP-1 via the activation of AP-1 and NF-B in the process of photoaging. Here, we observed the activation of AP-1 and NF-B by investigating the translocation of c-Jun and p65 to the nucleus in UVB-induced fibroblasts. Our data demonstrated that RRE reduced UVB-induced c-Jun and p65 translocation to the nucleus of the cells. Based on the results above, we suggest that the suppression of UVB-induced NF-B and the AP-1 activation by RRE results in the interruption of downstream signaling of the molecules that are involved in UVB-induced MAPKs pathway.
Overall, the results indicate that RRE containing high amounts of proanthocyanidin and phenolic compounds play an important role in the protection of UVB radiation inducing photoaging. The key transcription factors that control protein functions related to skin aging are NF-B and AP-1. RRE could inhibit MAPK activation in the upstream signaling pathway of the NF-B and AP-1 transcription factor leading to the inhibition of NF-B and AP-1 translocation to the nucleus. These events cause a decrease in MMP-1 levels. Other biological benefits of RRE reported here include an increase in collagen and HA synthesis, as well as a decrease in UVB-induced IL-6 and IL-8 production. Moreover, RRE displayed free radical scavenging activity. Therefore, RRE could be a promising candidate for anti-photoaging treatments or a supplemental ingredient in relevant cosmetic applications.
Experimental

Chemicals and reagents: Dulbecco's Modified Eagle Medium
(DMEM) and penicillin-streptomycin (Gibco, USA); Cytokine ELISA kits (Biolegend, USA); Protease inhibitors, radioimmunoprecipitation assay (RIPA) lysis buffer and -actin antibody Sigma-Aldrich (USA); Antibody for PARP and NF-B (Santa Cruz Biotechnology, USA); Antibody for MMP-1 (Merck-Millipore, Darmstadt, Germany); Antibodies for pERK, ERK, pp38, p38, pJNK, JNK and c-Jun (Cell Signaling Technology, USA); Fetal bovine serum (FBS), commasie Plus™ Protein Assay Reagent and ECL reagent, (Thermo Scientific, USA); nitrocellulose membrane was obtained from GE Healthcare (UK).
Plant material:
Red rice (Oryza sativa L.) was harvested form Doi Saket Organic Farm, Chiang Mai Province, Thailand. A voucher specimen number (023148) was certified by the herbarium at the Flora of Thailand, Chiang Mai University, Thailand.
Preparation of red rice extract:
One kilogram of whole grain red rice was finely ground and soaked in 50% ethanol for 24 hours. After 24 h, the rice samples were then filtered through filter paper to separate the residue. The filtrated samples were then evaporated by a rotary vacuum evaporator (BUCHI, Switzerland) to obtain the ethanolic fractions. The ethanolic fractions were further partitioned Inhibition of the MAPK signaling pathway by red rice extract Natural Product Communications Vol. 11 (12) 2016 1881 with saturated butanol to obtain the polar fraction of whole grain red rice. The polar fraction was then evaporated and freeze-dried to obtain the RRE powder [10a] .
Quantification of total phenolic content and phenolic compounds in red rice extract:
The total phenolic content in RRE was determined using the modified Folin-Ciocalteu assay, as previously described [16] . Briefly, RRE (0.4 mL) was mixed with 0.3 mL of Folin-Ciocalteau reagent and kept in the dark at room temperature for three minutes. After that, 0.3 mL of carbonated sodium was added to the mixture. Then, the mixture was further incubated in the dark at room temperature for 30 minutes. The absorbance of the blue complex was evaluated at 765 nm using UV-visible spectrophotometer and then compared to a standard curve prepared with various concentrations of gallic acid (GA) solution. The total phenolic content was shown as milligrams of GA equivalents per gram of RRE (mg GAE/g extract).
The phenolic compounds in RRE were determined by HPLC analysis and then compared with standard gallic acid, protocatecheuic acid, catechin, chlorogenic acid, vanillic acid, coumaric acid and ferulic acid. RRE was dissolved in methanol and subjected to HPLC (Agilent Tecnologies, CA, USA) using reversed-phase C18 column (WATER, MA, USA). The mobile phase was composed of methanol to 0.1% trifluoroacetic acid (TFA) (1:1) . The detection wave length was 280 and 325 nm and the flow rate was set at 1.0 mL/min. The peak area was calculated and compared with the standard to obtain the concentration of all the compounds (mg/g extract).
Quantification of total flavonoid content in red rice extract:
Total flavonoid content was measured by the aluminium chloride (AlCl 3 ) colorimetric assay with slight modifications [17] . RRE (0.25 mL) was mixed with 0.125 mL of 5% sodium nitrite (NaNO 2 ) for five minutes. After that, 0.125 mL of 10% AlCl 3 was added into the mixture. Then one mL of sodium hydroxide (NaOH) was added and the mixture was incubated for 15 minutes at room temperature. The solution was mixed and the absorbance was measured at 510 nm and then compared with standard catechin using a spectrophotometer. The total flavonoid content was expressed as mg catechin equivalents per gram extract (mg CE/g extract).
Quantification of total proanthocyanidin content in red rice extract:
The total proanthocyanidin content in RRE was determined using the vanillin assay with slight modifications [18] . Briefly, the RRE was mixed with 0.1 mL of 1% vanillin in methanol (w/v). Then, 0.1 mL of sulfuric acid (H 2 SO 4 ) was added and incubated for 15 minutes at 30°C. The absorbance of the sample was measured at 490 nm and compared with the standard for catechin. The amount of the total proanthocyanidin content was expressed as milligram of catechin equivalents per gram of RRE (mg CE/g extract).
Quantification of total anthocyanin content in red rice extract:
Total anthocyanin analysis was measured using a pH differential method [19] . The RRE was dissolved in 0.1% HCl in 80% methanol, and then incubated for 12 hours. The two dilutions of RRE solution were prepared for each developing stage. The first sample (0.25mL) was diluted with one mL of 0.025 M potassium chloride (KCl) buffer at a pH of 1.0 and the second one was diluted with one mL of 0.45 M sodium acetate (CH 3 COONa) buffer at a pH of 4.5. The samples were incubated at room temperature for 15 minutes. The absorbance of the samples was measured at 520 and 700 nm using UV-visible spectrophotometer. The total anthocyanin content in the extract was expressed as cyanidin-3-glucoside, which was the most sufficient anthocyanin component. Total anthocyanin content was calculated using the following formula: Collagen synthesis: Total intracellular collagen in fibroblasts was determined using Sirius Red Collagen Staining Kit (Chondrex, Inc) according to the manufacturer's instructions. Briefly, fibroblasts were seeded in a twenty-four-well-plate for 24 h. Then, the cells were pre-treated with the serum free medium for 24 h. After that, the medium was removed and the cells were exposed to UVB radiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000). The cells were incubated with or without RRE (0-100 g/mL) for 48 h and the cultured medium was collected. 25% Trichloroacetic acid (TCA) and BSA solution was added to the cultured medium. It was then incubated on ice for 30 min. The mixture was centrifuged at 10,000 rpm for 3 min. The pellet was dissolved in 0.05M of acetic acid solution and the solution was then incubated with Sirius Red dye for 20 min at room temperature. The mixture was centrifuged and the pellet was dissolved by extraction buffer. The absorbance that was measured at 540 nm with a spectrophotometer was compared with standard collagen in various concentrations.
Collagenase activity assay:
The collagenase activity was measured using modified fluorogenic DQ™-gelatin assay as previously described [20] . Briefly, various concentrations of RRE (0-200 g/mL) were added into 96-well-plates. One U/mL of collagenase was added in each well (100 L/well). After that, 15 g/mL of gelatin (DQ gelatin) was added and the specimens were incubated for 10 min. The rate of proteolysis was determined by measuring the absorbance at 2 min intervals for 20 min using a microplate reader at an excitation wavelength of 485 nm and an emission wavelength of 528 nm. Enzyme activity was estimated by the slope of linear regression calculated between time and absorbance over 2-6 min.
MMP-2 activity assay:
The MMP-2 activity was determined by gelatin zymography as previously described [21] . Fibroblasts were cultured in DMEM serum-free medium for 24 h after the culture supernatant was collected. The culture supernatant was subjected to 10% polyacrylamide gels containing 0.1% w/v of gelatin under non-reducing conditions. The gels were washed twice with 2.5% v/v of Triton X-100 for 30 min at room temperature to remove SDS. The gel slab was cut into slices which corresponded to the lanes and then the slices were put into different tanks and incubated with an activating buffer (50 mM Tris-HCl, 200 mM NaCl, 10 mM CaCl 2 , pH 7.4) containing various concentrations of RRE (0-200 g/mL) at 37°C for 18 h. After that, the strip of the gels were washed and stained with Coomassie Brillant Blue R (0.1% w/v) and de-stained in 30% methanol and 10% acetic acid. MMP-2 activity appeared as a clear band against a blue background. Digestion bands were quantitated by Image J program.
Determination of IL-6 and IL-8 secretion:
The secretion of interluekin-6 (IL-6) and interluekin-8 (IL-8) in the cultured medium was determined using an ELISA kit (Biolegend, USA) according to the manufacturer's instructions. The fibroblasts were seeded in a six-well-plate at a density of 5.0×10 5 cells/well for 24 hours. After that, the cells were exposed to UVB (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000). Then, the cells were treated with or without various concentrations of RRE (0-150 μg/mL) for 24 hours. The cultured medium was collected for ELISA and the absorbance was measured at 450 and 570 nm using a microplate reader. The IL-6 and IL-8 secretion in the cultured medium was calculated and compared with a standard curve of IL-6 and IL-8.
Hyaluronic acid (HA) synthesis:
The effect of RRE on HA synthesis was determined using an ELISA kit, as previously described [22] . The fibroblasts were seeded in a twenty-four-wellplate at a density of 5.0×10 4 cells/well for 24 hours. The cells were pre-treated in serum free medium for 6 h. After that, the cells were exposed to UVB radiation (25 mJ/cm 2 ) for 5 sec using ultraviolet crosslinker (CL-1000) and treated with or without various concentrations of RRE (0-100 g/mL) for 48 hours. The cultured medium was collected for ELISA and the absorbance was measured at 450 and 570 nm using a microplate reader. The % of the control of HA synthesis in the cultured medium was calculated and compared with the standard curve of HA.
Immunoblot Analysis:
The fibroblasts were extracted with RIPA buffer containing protease inhibitors and were then subjected to 10% SDS-PAGE. The proteins were transferred onto nitrocellulose membranes. The membranes were blocked with 5% non-fat dried-milk protein in 0.1% TBS-tween, then probed with MMP-1, pERK, ERK, pp38, p38, pJNK, JNK, NF-B or c-Jun. After being washed with 0.3% TBS-tween, membranes were incubated with HRPconjugated anti-mouse or anti-rabbit IgG antibody. The HRP signal was detected using an enhanced chemiluminescence (ECL) system. Equal protein loading was confirmed as each membrane was stripped and re-probed with anti--actin or PARP antibody.
Statistical Analysis:
All data are presented as mean ± standard deviation (S.D.) values. Statistical analysis was analyzed with Prism version 6.0 software using one-way ANOVA with Dunnett's test. Statistical significance was determined at * p < 0.05, **p<0.01, ***p<0.001 or **** p < 0.0001.
